Context. Secondary eclipses are a powerful tool to measure directly the thermal emission from extrasolar planets, and to constrain their type and physical parameters. Aims. We started a project to obtain reliable broad-band measurements of the thermal emission of transiting exoplanets. Methods. Ground-based high-cadence near-infrared relative photometry was used to obtain sub-millimagnitude precision light curve of a secondary eclipse of WASP-4b -a 1.12 M J hot Jupiter on a 1.34 day orbit around G7V star. −0.00077 HJD. We could set a limit on the eccentricity of e cos ω = 0.0027 ± 0.0018, compatible with a nearcircular orbit. Conclusions. The calculated brightness temperature, as well as the specific models suggest a highly inefficient redistribution of heat from the day-side to the night-side of the planet, and a consequent emission mainly from the day-side. The high-cadence ground-based technique is capable of detecting the faint signal of the secondary eclipse of extrasolar planets, making it a valuable complement to space-based mid-IR observations.
Introduction
Photometry of extrasolar planetary transits allows to measure the planetary radii and density, and to infer the nature of the planetgaseous or rocky. The detection of the thermal emission during the secondary eclipses when the planet passes behind the star gives access to additional physical parameters like the brightness temperature, an important quantity for the comparison with more sophisticated planetary atmospheric models with chemistry, and dynamics (i.e. Burrows et al. 2008) . While a few secondary eclipses have been secured from space (e.g. Charbonneau et al. 2005; Deming et al. 2005) , the detection of secondary eclipses has been very challenging from the ground, with only a few recent secure detections (see Rogers et al. 2009; Croll et al. 2010a,b; and references therein) . We obtained sub-millimagnitude precision ground-based relative photometry, based on ultra-fast high-cadence near-infrared (NIR) observations, which can detect transits down to a few millimagnitudes (Cáceres et al. 2009; hereafter Paper I) . In this paper we report the detection of a secondary eclipse of WASP-4b.
WASP-4b was discovered by Wilson et al. (2008) . It is a 1.12 M J hot Jupiter on a 1.34 day orbit around a G7V star, with a heavily irradiated atmosphere and large radius.
Additional orbital and physical parameters were measured also by Gillon et al. (2009) , Winn et al. (2009) , and Southworth et al. (2009) . Recently, Beerer et al. (2011) performed photometry, using the IRAC instrument on the Warm Spitzer, of the planet WASP-4b in the 3.6 and 4.5 µm bands. Their data suggests the WASP-4b atmosphere lacks a strong thermal inversion on the day-side of the planet, an unexpected result for an highly irradiated atmosphere.
WASP-4b was one of the pilot targets for our program because of its short period and large size with respect to most transiting exoplanets, with a relatively large predicted secondary eclipse amplitude of about a millimagnitude, placing it well within our expected range of detection. In Section 2 we discuss the observations and their analysis. Section 3 presents the detection of the secondary eclipse, and gives the measured brightness temperature for WASP4-b, comparing it with theoretical models. Finally, Section 4 summarizes the results and lists some conclusions.
Observations and data reduction
The K S band WASP-4b observations were obtained with the Infrared Spectrometer And Array Camera (ISAAC Moorwood et al. 1998) This observation mode generates a series of data-cubes with a fixed number of frames. Each frame is an individual detector integration, and there is nearly zero "dead" time between the integrations. The cubes are separated by an interval of ∼6 sec for fits header merging, file transfer, and saving on a hard disk. For these observations the cubes had 250 frames, corresponding to integrations of 0.6 sec each. In total, we collected 30,003 frames during a continuous 310 min long run.
Standard procedures for NIR data reduction as dark subtraction and flat fielding were performed on the data set. We applied aperture photometry, using the IRAF 1 package Daophot, to measure the apparent fluxes of the two stars in the field. An aperture radius of 1.92 arcsec was selected empirically to have the best compromise between the r.m.s. on the transit light curve, determined as ratio of the target-vs-reference fluxes, and the systematic noise introduced by a varying sky. The sky background was estimated in a circular annulus with an inner radius of 3.10 arcsec and outer radius of 7.5 arcsec, from the centroid of the point-spread function.
Occasionally, during the observations the central peak of the stars exceeded the linearity limit of the detector of ∼6500 ADU. To avoid the non-linearity effects that may distort the occultation depth measurement we discarded those frames. Moreover, at the end of the run the detector was moved yielding in jumps in the position of the stars. All the points after the first jump in position were also discarded. The starting points showed also a jump that could not be corrected, and these points were also removed to avoid including a systematic error to the determined parameters. After cleaning the light curve, we leave a total of 24,070 measurements, that were used during the subsequent analysis.
The light curve shows a smooth trend during the period of observation, most likely due to airmass variation, important dur- ing the first half of the night, and due to target drift across the detector, which dominated the end of the run, as shown in Fig.  1 . To remove these effects we modeled the base-line of the light curve with a polynomial that includes a linear dependency on time (t), airmass (sec z), and positions of the centroid of the star on the detector (x C and y C ) as follows:
(1)
The coefficients in Eq. 1 were determined using the entire light curve, with the fitting procedure described below. The form of the polynomial was selected to flatten the out-of-eclipse lightcurve after multiple experiments. We also attempted to include other parameters, i.e. the full-width-half-maximum of stars on each frame, but the correlation of the signal with this parameter was negligible.
Analysis and discussion
Various parameters can be measured from the secondary eclipse light curve. The thermal planetary emission is proportional to the eclipse depth d, the orbital eccentricity e and argument of periastron w could be inferred through the analysis of both the eclipse central time T C , and the secondary eclipse length τ occ . We create an occultation model following the algorithm for uniform illuminated transit light curve (i.e. neglecting the limb-darkening contribution) from Mandel & Agol (2002) , and we scaled the model transit depth to fit the observed eclipse depth. The stellar and planetary parameters for WASP-4 and WASP-4b were adopted from Winn et al. (2009) Past experience with NIR data showed that correlated noise could degrade photometric accuracy in these wavelengths. To evaluate the contribution of this kind of noise on our photometry, we analyzed the behavior of the light curve r.m.s. for different binning factors, after removing the best-fitting model. It shows a small deviation from the expected curve for pure Poisson noise (Fig. 2) over range of binning corresponding to times of the order of tens of minutes -similar to the duration of the ingress-egress for the secondary eclipse.
The best fitting model parameters were found with the multidimensional minimization algorithm AMOEBA (Press et al. 1992) , where the free parameters were the eclipse depth, central time, length, and the coefficients of the base-line in Eq. 1, on the 2-min binned light curve, yielding 131 data points. The function to minimize was the χ 2 statistic, for a model that is:
where m occ corresponds to the occultation model described above. To determine the errors in the fitted parameters, we performed the bootstrapping procedure described in Paper I: we first subtracted the best fitting model from the data set, then we took the set of residuals and shifted the i th residual to become the i+1 th residual, and the last to become the first. Next, we added the reordered residuals to the best fitting model and run it through the χ 2 minimization procedure instead of the data to obtain a new set of fitting results. This procedure was repeated until a full circle over the "good" points was completed, and the reported uncertainties were defined by the 68.3% level around the median values of the distributions. Therefore, our errors properly ac count for the correlated noise in the data set.
The final corrected light curve is shown in Fig. 3 . Table 1 lists the individual flux measurements, with their time-stamps and Poisson uncertainties. The resulting parameters and their uncertainties for WASP-4b are listed in Table 2 .
The significance of our detection can be assessed from Fig. 4 , where the distribution of the relative flux (with respect to the reference star) during the eclipse and outside of the eclipse are compared. The bin width is equal to the calculated eclipse depth d = 0.185%, and each distribution curve was normalized for comparison purposes. A K-S test applied on these distributions shows they are identical with a ∼ 99% of probability, but displaced exactly one bin. The center of the secondary eclipse occurs at φ = 0.49933 ± 0.00059, assuming the ephemeris of Southworth et al. (2009) . For zero eccentricity (Wilson et al. 2008; Gillon et al. 2009; Winn et al. 2009; Southworth et al. 2009 ), and a light travel time of 23.2 sec for this system (Loeb 2005) , the secondary eclipse is expected to occur at phase φ exp = 0.5002. The phase difference δφ implies a non-zero eccentricity, that could be determined knowing the primary transit length τ tr , from the equations (Charbonneau et al. 2005 ):
The accuracy of our eclipse length measurement prevents us from using Eq. 4, so we only use the former equation, to put a upper limit on the eccentricity e cos ω = 0.0027±0.0018. Within the 3-σ level, this results argues in favor of a nearly circular orbit.
Previous planet-to-star contrast measurements for WASP4b have been obtained by Beerer et al. (2011) in the 3.6 and 4.5 µm broad band filters with the Spitzer Space Telescope. As a zero-order approximation, we represent the planet with a black body with temperature T B , and the host star with a Hauschildt et al. (1999) stellar atmosphere model, with parameters T e f f = 5500 K, log g = 4.5, and [Fe/H] = 0.0 (Gillon et al. 2009 ). They are divided to obtain the planet-to-star flux contrast as a function of wavelength. The expected depth was calculated as weighted average of the contrast curve, weighted by the K S filter transmission curve, the atmospheric transparency, and the detector efficiency curve. The best-fitting black body curve yielded a planetary brightness temperature of T B = 1995 ± 40 K at ∼2.2 micron.
The observational data of highly irradiated planets indicate very low Bond albedo A B values (e.g. Charbonneau et al. 1999; Rowe et al. 2008; Rogers et al. 2009 ), implying that the atmospheres of those planets are highly heated by the stellar radiation, and probably bloated. The temperature at which the planet re-emits the energy absorbed from the stellar flux, at a given distance a from the star, in units of the stellar radius, is given by T eq = T eff a 1/2 ( f (1 − A B )) 1/4 . Here, the f factor refers to the fraction of energy that is re-radiated from the planet to the observer. If the stellar radiation absorbed by the planet is re-radiated isotropically then f = 1/4, and we could determine for a zero Bond albedo an equilibrium temperature for the planet of T eq = 1662 K. The difference between the equilibrium and the brightness temperatures suggests a poor energy redistribution in the atmosphere of WASP-4b. In fact, to obtain the calculated brightness temperature the re-radiation factor should be f = 0.52, indicating a planet with re-radiation only from the day-side (Burrows et al. 2008) , when assuming a zero Bond-albedo. This result is in agreement with the results in Beerer et al. (2011) , who found that the Fortney et al. (2008) models with a small redistribution of heat, and an absence of TiO in the WASP-4b stratosphere, are best fits for their measurements.
Planetary atmosphere models tuned for WASP-4b are shown in Fig. 5 . The modeled atmospheres assume radiative and chemical equilibrium, and employ the chemical compositions and thermo-chemistry found in Burrows & Sharp (1999) , and Sharp & Burrows (2007) , and the opacities described in Sharp & Burrows (2007) , and references therein. These models were calculated for different redistribution factors P n , where P n = 0 implies no redistribution, and P n = 0.5 means maximum redistribution (Burrows et al. 2008) . This parameter represents the fraction of energy that is transferred from the day-side to the night-side of the planet. Moreover, some highly irradiated atmospheres require the inclusion of an extra absorber to fit calculated eclipse depths, this accounting for the presence of inversion layers in the upper atmosphere Knutson et al. 2009 ). This scenario was tested by introducing an opacity parameter κ e for this extra absorber as a second parameter to explore.
Our observations favor lower P N parameter values, arguing in favor of an inefficient redistribution of the received radiation from the day-side to the night-side of the planet, as shown in Fig. 5 . The models best suited with our measurement correspond to atmospheres with null or low amounts of a stratospheric absorber, this leading to non inverted, or scarcely inverted atmospheres. A similar result was found in Beerer et al. (2011) , for observations in the mid-IR. When considering the three measurements, i.e. the ISAAC one at 2.2 µm, and the Spitzer ones at 3.6 and 4.5 µm, the best fitting models is the one with an inefficient redistribution of heat, and an small quantity of absorber in the planet stratosphere. Thus, the lack of a strong thermal inversion in the atmosphere of WASP-4b could be inferred from this IR detection.
Conclusions
The ultrafast photometry technique developed in Paper I is able to detect very low amplitude secondary eclipses of extrasolar planets. We have measured the secondary eclipse depth of WASP-4b which has an amplitude of d K S = 0.185% at ≥10σ level. This secure detection strengthen our confidence in the new method, and indicates that it could be fruitful to attempt the observation of secondary eclipses at shorter wavelengths, where the eclipses are shallower, but the NIR signal is still within our observational capabilities.
For the stellar and planetary parameters, this yields a brightness temperature of T = 1995 K in the K S , which agrees with the specific models for WASP-4b, and argues in favor of inefficient heat redistribution from the day-side to the night-side of the planet. The absence of an strong thermal inversion in the stratosphere of WASP-4b is inferred from our near-IR measurement, and mid-IR measurements in the literature. 2 /g, and P n = 0.1 − 0.3 for the planet WASP-4b. The squares are the estimated band-weighted measurements for these models, and the black point at 2.16 µm represents our measurement, with its error bars. Note that the red model point at 2.16 µm is overlapped by our measurement. The measurements in Beerer et al. (2011) are also shown at 3.6, and 4.5 µm. The transmission curves for the three filters are also shown for comparison as dotted lines. A color version of this figure is available in the electronic form.
